The Lactobacillus johnsonii VPI 11088 groESL operon was localized on the chromosome near the insertion element IS1223. The operon was initially cloned as a series of three overlapping PCR fragments, which were sequenced and used to design primers to amplify the entire operon. The amplified fragment was used as a probe to recover the chromosomal copy of the groESL operon from a partial library of L. johnsonii VPI 11088 (NCK88) DNA, cloned in the shuttle vector pTRKH2. The 2,253-bp groESL fragment contained three putative open reading frames, two of which encoded the ubiquitous GroES and GroEL chaperone proteins. Analysis of the groESL promoter region revealed three transcription initiation sites, as well as three sets of inverted repeats (IR) positioned between the transcription and translation start sites. Two of the three IR sets bore significant homology to the CIRCE elements, implicated in negative regulation of the heat shock response in many bacteria. Northern analysis and primer extension revealed that multiple temperature-sensitive promoters preceded the groESL chaperone operon, suggesting that stress protein production in L. johnsonii is strongly regulated. Maximum groESL transcription activity was observed following a shift to 55°C, and a 15 to 30-min exposure of log-phase cells to this temperature increased the recovery of freeze-thawed L. johnsonii VPI 11088. These results suggest that a brief, preconditioning heat shock can be used to trigger increased chaperone production and provide significant cross-protection from the stresses imposed during the production of frozen culture concentrates.
Lactobacillus species are used extensively as starter cultures in a variety of fermentations and as probiotics, which are thought to directly affect the health of the host through such activities as immunostimulation, pathogen exclusion, and maintenance of the normal microflora (reviewed by Sanders [25] ). Future uses of lactobacilli will probably include the construction of strains capable of releasing essential nutrients and enzymes, secreting bacteriocins, or displaying epitopes as components in oral vaccines. The general utility of Lactobacillus species in these applications is directly related to their GRAS (Generally Recognized as Safe) status and will be dependent on the availability of cost-effective methods for the production and delivery of viable cultures.
The stresses associated with the production, storage, and distribution of frozen, lyophilized, or spray-dried bacterial culture concentrates can dramatically reduce their viability and activity. Bacteria have evolved complex stress responses to promote their survival under severe conditions. Following a brief heat shock at temperatures above the normal growth range, transient synthesis of a set of highly conserved stress proteins occurs. Among these are molecular chaperones which confer enhanced resistance to elevated temperature (20) and significant cross-protection against other stresses such as osmotic shock (33) and freezing (13) . Molecular chaperones bind substrate proteins in a transient noncovalent manner, prevent premature folding, and promote the attainment of the "correct state" in vivo (10) .
Among the most abundant bacterial proteins under normal conditions, members of the GroES and GroEL chaperone family are greatly induced by any form of cellular stress that leads to protein denaturation (11) . The general importance of these chaperones is emphasized by the fact that in Escherichia coli, GroEL and GroES are required for growth at all temperatures (6) . Temperature-sensitive mutations in either gene also lead to a pleiotropic phenotype in which RNA, DNA, and protein synthesis are impaired at high temperature. Approximately 30% of E. coli protein species fail to reach their native form in vivo when GroEL is limiting, indicating that a specific subset of cytoplasmic proteins rely on this chaperone to achieve their native form (12) . In addition to its established role in protein folding and assembly, GroEL was recently shown to participate in a complex capable of protecting mRNA from nuclease degradation, suggesting that it plays an additional role as an RNA chaperone (7) . The molecular chaperones groES and groEL are typically arranged as an operon, and their translation products are assembled into single or double heptameric rings, respectively (8) . In the presence of nucleotide, GroES forms a 1:1 complex with GroEL, which binds the protein substrate, possibly in its central cavity (15) . Release is contingent upon ATP-hydrolysis, and multiple cycles of binding and release may be necessary for a protein to reach its native conformation (36) . Increasing the available GroES and GroEL concentration prior to the stresses associated with freezing, lyophilization, or spray-drying may offer additional protection against protein denaturation and produce a more viable and physiologically active product. The purpose of this study was to isolate and characterize the groES/groEL operon of L. johnsonii VPI 11088 (NCK88) as a first step in developing an understanding of the impact of molecular chaperones on stress tolerance.
(The preliminary results of this study were reported at the 96th General meeting of the American Society for Microbiology [34] . After the completion of this study, the groESL operon of Lactobacillus helveticus was published by Broadbent et al. [3] and showed a highly similar operon organization, structural FIG. 1. Strategy for cloning and sequence analysis of the L. johnsonii VPI 11088 groESL operon. A 2.4-kb fragment containing groES and the 5Ј portion of groEL was amplified from the Lactobacillus chromosome by PCR with the IS1223-specific primer A and cloned to yield pTRK453. The remainder of groEL was recovered in two steps by using single-specific-primer PCR (36) and primers B and C, yielding pTRK454 and pTRK455, respectively. Following the assembly of the complete groESL sequence, the chaperone operon was amplified from the chromosome by using primers D and E and used as a probe to recover the genomic copy (pTRK475) from a partial BglII genomic library cloned in pTRKH2. The restriction enzymes SpeI and ClaI were used to subclone the chaperone operon into pBluescript-II KS(ϩ), yielding pTRK476. The gray arrows indicate the 121-bp direct repeats (see the text for details). Lactobacillus total-RNA isolation. All Lactobacillus total RNA isolations were performed on 10-ml cultures which were pelleted by centrifugation at 6,058 ϫ g, frozen in a dry ice-ethanol bath and held at Ϫ70°C. A 1-ml volume of TRIzol reagent (GibcoBRL, Gaithersburg, Md.) was added to each cell pellet, and the mixture was transferred to 2.0 ml screw-cap microcentrifuge tubes along with a 0.7 g of glass beads (106 m in diameter) (Sigma Chemical Co., St. Louis, Mo.). The contents of the tubes were homogenized in a Mini-Beadbeater-8 cell disruptor (Biospec Products, Bartlesville, Okla.) for three 1-min cycles (and chilled on ice between the cycles). The phases were separated by centrifugation following the addition of 0.2 ml of chloroform and an additional 15-s homogenization. Total RNA was recovered as specified by the manufacturer.
Determination of the groESL transcription start sites. L. johnsonii NCK88 was grown at 37°C to an optical density at 590 nm (OD 590 ) of 0.60. Duplicate cultures were either transferred to 55°C or maintained at 37°C for 10 or 20 min, chilled briefly on ice, and collected by centrifugation. Total RNA was isolated as above, and 15 g was incubated at 65°C for 5 min with 30 U of RNase inhibitor (Boehringer Mannheim Corp.), 2.8 l of 5ϫ first-strand buffer (250 mM TrisHCl [pH 8.3], 375 mM KCl, 15 mM MgCl 2 ), and 1 pmol of oligonucleotide in a final volume of 14 l. Separate reactions were conducted with one of three oligonucleotides complementary to positions 775 to 752 (primer BЈ) (5Ј-CGGC AATAATTTCGCCCATTTGAG-3Ј), positions 382 to 360 (primer CЈ) (5Ј-GG TGTAATTACTATTGTACAGAC-3Ј), or positions 275 to 294 (primer AЈ) (5Ј-CACTATA-CAATCCAAGAAAC-3Ј) (see Fig. 2 ). Annealing was accomplished by allowing the total RNA-oligonucleotide solutions to cool slowly from 65°C to room temperature. The primer extension reactions were carried out for 60 min at 42°C following the addition of 6.0 l of a master mix containing 75 Ci of [ 35 S]dATP, 500 M dCTP, 500 M dTTP, 500 M dGTP, 50 M dATP, 33 mM dithiothreitol, 2,000 U of Superscript-II, RNase H Ϫ reverse transcriptase (GibcoBRL), and 1ϫ first-strand buffer. The RNA-DNA hybrids were extracted once with phenol-chloroform, precipitated with ethanol, and resuspended in 4 l of sequencing stop solution. The length of the primer extension product was calculated by comparing mobility in a 6.0% polyacrylamide gel with that of the product of a sequencing reaction generated with the same primer.
Slot-blot hybridizations of groESL mRNA. Identical 100-ml volumes of MRS broth were inoculated from an overnight culture incubated at 37°C. After reaching an OD 590 of 0.6, the cultures were held at 37°C or shifted to 42, 47, 50, or 55°C. At the initial time point and every 30 min thereafter, a 10-ml sample was collected from each culture, briefly centrifuged, and stored at Ϫ70°C. After 150 min of incubation at the elevated temperatures, all the cultures were returned to 37°C for a 30-min recovery and a 10-ml sample was collected as before. Total RNA was isolated from all cell pellets, and volumes of RNA equivalent to 10 g were alkali denatured, transferred to Zeta Probe blotting membranes (Bio-Rad Laboratories, Richmond, Calif.) with a Bio-Dot SF microfiltration apparatus (Bio-Rad) as specified by the manufacturer, and treated with one UV-auto-crosslinking cycle by using the UV Stratalinker 1800 (Stratagene). Prehybridization and hybridization were carried out at 65°C in 0.5 M NaHPO 4 (pH 7.2)-1.0 mM EDTA-7.0% sodium dodecyl sulfate (SDS) with the same [␣-
32 P]dCTP-labeled, PCR-generated probe used in cloning the L. johnsonii groESL operon described above.
Northern blot analysis of groESL mRNA. Duplicate cultures of NCK88 were grown to an OD 590 of 0.6 at 37°C, at which time one culture was shifted to 55°C. Aliquots (10 ml) were collected every 10 min for 1 h. Total RNA was isolated, separated by electrophoresis through a 1.5% agarose-formaldehyde denaturing gel, transferred to Magna Charge nylon membranes (Micron Separations, Inc.) by the method of Sambrook et al. (24) , and fixed by UV cross-linking. Prehybridizations (3 h) were carried out at 42°C in 50% formamide-5ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7])-2.5ϫ Denhardt's reagent, 2.0% SDS-0.1% denatured salmon sperm DNA. The groESL fragments used as probes in the separate hybridization reactions were generated by PCR from total NCK88 DNA by using primer pairs specific for one of three regions in the chaperone operon. Probe B (see Fig. 2 ), a 107-bp fragment specific for the 5Ј region preceding the operon, was generated by using primers spanning bp 275 to 295 (5Ј-CACTATACAATCCAAG-AAAC-3Ј) and 381 to 360 (5Ј-GGTGTAATTACTATTGTACAGAC-3Ј). Probe C, a 153-bp PCR fragment specific for groES, was amplified by using primers spanning bp 623 to 643 (5Ј-GATTTAAATTATGTACAGGAG-3Ј) and 775 to 752 (5Ј-CGGCA ATAATTTCGCCCATTTGAG-3Ј). Probe D, a 1,274-bp PCR fragment specific for groEL, was amplified by using primers spanning bp 1117 to 1144 (5Ј-GATG GTGTTACTATCGCCAAGAGTATTG-3Ј) and 2390 to 2371 (5Ј-ACTTCTGG GTCTTCATGTTC-3Ј). The fragments were gel purified, labeled as described above, and used in 16-h hybridization reactions at 42°C. The hybridization solution differed from the prehybridization solution only in the absence of the denatured salmon sperm DNA. The membranes were washed twice at room temperature for 20 min with 100 ml of 2ϫ SSPE-1.0% SDS and once at 55°C for 20 min with the same solution and exposed to X-OMAT autoradiography film (Eastman Kodak Co., Rochester, N.Y.).
Analysis of freeze tolerance in L. johnsonii NCK88 following heat shock. An overnight culture of NCK88 was used to inoculate 100 ml of MRS broth, which was incubated at 37°C until an OD 590 of 0.6 was reached. The cells were pelleted by centrifugation and resuspended in fresh MRS broth. Half of the culture was held at 37°C, and the other half was transferred to a water bath at 55°C. At 0, 15, 30, and 45 min, triplicate 1-ml samples were removed from the 37 and 55°C cultures and placed in an Eppendorf tube. The cells were centrifuged, washed once, and then resuspended in 1 ml of sterile distilled water. Duplicate 100-l samples were immediately plated on MRS agar for determination of the number of CFU per milliliter. All remaining samples in Eppendorf tubes were then frozen at Ϫ20°C and held for exactly 7 days. The samples were then thawed in water at room temperature, diluted in 10% MRS broth, and plated on MRS agar for determination of the number of surviving CFU per milliliter. The percent survival was calculated from the ratio of CFU per milliliter after freezing to CFU per milliliter before freezing. Each reported value was the mean determined from three samples plated in duplicate.
RESULTS
Isolation and sequence analysis of the groESL operon. During PCR experiments to localize the insertion element IS1223 (35) relative to the genetic determinants for the bacteriocin lactacin F (18), the IS-specific primer A alone generated a ϳ2.4-kb fragment, which was cloned into pBluescript-II KS(ϩ) to yield pTRK453 (Fig. 1) . Sequence analysis revealed that the insert contained one complete open reading frame (ORF), preceded by a ribosome binding site (GGAGGG), which could encode a protein of 94 amino acids, and a second truncated ORF, also preceded by a ribosome binding site (AGGTGG), which could encode a protein fragment of 110 amino acids. A comparison with the protein database revealed that the 94-residue protein bore significant homology to numerous prokaryotic and eukaryotic GroES proteins while the truncated protein was homologous to numerous GroEL proteins. The pTRK453 clone proved to be unstable and difficult to sequence, with deletions occurring between two inverted-repeat (IR) structures in the promoter region preceding the groES gene. Difficulties with groES instability have been reported previously for both Bacillus subtilis (17) and Lactococcus lactis subsp. lactis (14) . Single-specific-primer PCR was used to recover the remainder of the groEL gene as two fragments in pTRK454 and pTRK455 (Fig. 1) . The complete nucleotide sequence of the L. johnsonii NCK88 groESL operon was assembled by using the partial sequences derived from the clones pTRK453, pTRK454, and pTRK455. Any ambiguities remaining in the sequence derived from PCR-generated clones were resolved by using the chromosomal groESL recovered in pTRK476. The complete DNA sequence and amino acid translation are presented in Fig. 2 .
The 2,753-bp L. johnsonii NCK88 region contained two ORFs encoding putative GroES and GroEL proteins of 94 and 543 residues, respectively. Both ORFs were preceded by ribosome binding sites. Only groES was immediately preceded by a potential promoter region, which was itself bracketed by three sets of inverted repeats (stem-loops) (SL1, SL2, and SL3). The only possible terminator structures detected in the sequence, designated SL6 and SL7 (Fig. 2) , followed the second ORF (groEL), providing further evidence that the two ORFs probably comprise an operon. Compared with other chaperonins,
Nucleotide sequence of the L. johnsonii groESL chaperone operon. Initiation sites are indicated by boldface type, and the direction of transcription and the temperature at which promoter activity was detected are marked by dashed arrows. The hexamers indicative of promoters are underlined, and the inverted repeats termed CIRCE elements are designated SL1 and SL2. SL2 is overlapped by an additional IR (SL3). The IRs SL4 and SL5 precede the chaperone operon, while SL6 and SL7 may constitute a terminator. Potential ribosome binding sites are underlined, and the corresponding amino acid sequences of GroES, GroEL, and ORFS are indicated near the respective translation start sites. The sequence of ORFS is written 3Ј to 5Ј relative to the coding strand, and the putative leucine zipper is demarcated in boldface type. the putative L. johnsonii GroEL protein displayed 84, 70, and 64% identity to those of Lactobacillus helveticus, Bacillus subtilis, and Clostridium perfringens, respectively. The putative L. johnsonii GroES protein exhibited 70, 48, and 44% identity to the homologous proteins of L. helveticus, B. subtilis, and C. perfringens, respectively. A third potential ORF (ORFS), transcribed in the opposite direction to groESL (Fig. 2) , was located on the noncoding strand. ORFS is preceded by a potential ribosome binding site (AGGAGG) and promoter region and could encode a short protein of only 50 amino acids. A scan for protein sites and signatures (PC/Gene) detected a putative leucine zipper within the short peptide.
During subsequent experiments, the region immediately preceding the copy of IS1223, located upstream from the groESL operon, was sequenced (pTRK475 [ Fig. 1]) . The area contained a 121-bp, imperfect direct repeat (105 bp conserved) (data not shown) which was also found to precede the groESL operon between nucleotides 34 and 154 (Fig. 2) . The 121-bp direct repeats bracket IS1223 and are probably responsible for the deletion of the insertion element during recovery of pTRK476 via homologous recombination.
Heat shock induction of the Lactobacillus groESL operon. Although transcription of groESL operons is induced by a number of protein-denaturing stresses, chaperone response to heat shock is well documented. To evaluate the heat shock response in lactobacilli and determine the most effective temperature for subsequent groESL induction experiments, slotblot hybridization was used to analyze total RNA isolated from L. johnsonii cultures following exposures of up to 150 min at temperatures ranging from 37 to 55°C. Based on the strength of the hybridization signal, the strongest expression of groESL in this temperature range occurred at 55°C following a 30-to 60-min exposure (Fig. 3) . Additional time and temperature conditions were not evaluated.
Characterization of Lactobacillus groESL transcription activity by Northern blotting. Chaperone transcription activity was evaluated from cultures at 37°C or heat shock conditions (55°C) by probing multiple Northern blots with DNA fragments isolated from specific regions of the groESL operon. Hybridization with probe B, specific for the promoter region (Fig. 4) , revealed the presence of a strong transcript of 0.5 kb in the RNA isolated from 37°C samples (Fig. 5B) . Following a shift to 55°C, the 0.5-kb transcript signal was diminished and new transcripts of 0.7, 0.8, 2.5, and 3.1 kb appeared. Hybridization of RNA extracted from 37°C cultures with the groESspecific probe C (Fig. 3) revealed a single 2.1-kb transcript (Fig. 5C ), which coincides with the expected size of the total groESL transcription product. A shift to heat shock conditions (55°C) clearly increased the strength of expression of the 2.1-kb transcript and produced minor transcripts of 3.1 and 2.5 kb and possible degradation products ranging from 1.2 to 0.5 kb. Hybridization of a duplicate Northern blot with the groELspecific probe D (Fig. 4) yielded the same hybridization pattern (data not shown), which was expected since groES and groEL are typically transcribed together (reviewed by Gupta [9] ).
Identification of the transcriptional start sites within the groESL promoter region. To determine the general characteristics and organization of the Lactobacillus groESL promoter, transcription initiation sites were mapped by primer extension. Total RNA was isolated from log-phase cells following a 10-or 20-min exposure to either 37°C (nonstressed) or 55°C (heat shock) and annealed with one of three primers. The initiation site for the primary groESL transcript was determined by extending from position 775 with primer BЈ, diagrammatically represented in Fig. 4 . Under nonstressed conditions, a moderate level of initiation occurred at nucleotide 579 (Fig. 6BЈ) , which is positioned between two sets of inverted repeats, SL1 and SL2 (Fig. 2) . These inverted repeats varied by only 1 bp from a regulatory structure termed CIRCE (40) , which is involved in the negative regulation of groESL expression in B. subtilis (37) . Transcription markedly increased following a shift in growth temperature to 55°C (Fig. 6BЈ) . Some additional but minor heat shock-dependent transcription activity was detected with primer CЈ, which anneals between nucleotides 360 and 382. Nucleotide 165, which is located upstream from the putative CIRCE elements, was identified as the 55°C heat shock initiation site (Fig. 6CЈ) .
To confirm the identity of the 37°C (0.5-kb) transcript detected in Northern blots by hybridization with the 5Ј-specific probe B (Fig. 5B) , an extension reaction was performed with primer AЈ (Fig. 3) , which anneals between nucleotides 275 and 294, complementary to the noncoding strand. A transcription initiation site was identified at nucleotide 436 (Fig. 6AЈ) . The transcript, while clearly visible at 37°C, disappeared following heat shock. Taken together, these data indicate that the 600-bp VOL. 65, 1999 CHAPERONE OPERON OF L. JOHNSONIIregion preceding groES contains three temperature-sensitive promoters, one of which is divergent (2) . Impact of heat shock on tolerance to freezing. Since the parameters for heat shock induction of the groESL operon had been established, experiments were conducted to evaluate the effect of increased chaperone expression on freezing-stress tolerance of L. johnsonii. Cells exposed to the induction temperature of 55°C showed an approximate 1.5-log-unit reduction in the number of viable cells after the 45-min treatment, compared to the control cells held at 37°C for 45 min, which showed no significant change in population (data not shown). However, the viable cells remaining after 45 min at 55°C showed significantly greater survival after freezing at Ϫ20°C for 7 days than did the control cells (Fig. 7) . The control culture showed a modest increase in survival from 14 to 26%, which was expected since the culture entered a later stage of growth. On the other hand, exposure to 55°C for 30 and 45 min increased the survival after freezing to 24 and 45%, respectively. The time course for the onset of protection by 55°C preconditioning corresponded to the pattern of heat shock induction of groESL RNA (Fig. 3) . While treatment at 55°C has an overall negative impact on cell survival, induction of the chaperone operon in L. johnsonii appears to correlate with the onset of cross-protection to another temperature stress, in this case freezing.
DISCUSSION
The groES/groEL chaperone operon of L. johnsonii was identified adjacent to a copy of IS1223 and characterized. The significance of this genomic arrangement is unknown, but a similar organization has been reported for IS1016 in Neisseria meningitidis (31) . PCR-based methods have been used to recover an entire groESL operon (32), as well as groES fragments which have proven difficult to clone from genomic preparations (14, 17) . The majority of the 2,753-nucleotide sequence was generated from PCR-derived clones, with the exception of the promoter region. Given the importance of this regulatory region in the bacterial stress response, it was sequenced in its entirety from a genomic clone. Translation of the coding strand revealed the presence of two contiguous ORFs bearing significant homology to ORFs encoding numerous GroES and GroEL proteins. Sequence analysis revealed the presence of a third potential ORF (ORFS), running counter to the chaperone operon, in the region preceding groES. Even though potential transcription and translation signals were detected upstream from ORFS, a BLAST search (1) of the protein database revealed no significant homologies to the putative peptide. A structural analysis detected the presence of a potential leucine zipper at the carboxyl-terminus of the ORFS product. The heptad leucine repeats, characteristic of leucine zippers (21a), are involved in the dimerization of some DNAbinding proteins.
The groESL operons of both Clostridium acetobutylicum (19) and B. subtilis (27) , although strongly induced by heat, are preceded by typical vegetative promoters. A highly conserved palindromic structure is found near the promoters of these and other heat shock genes in a wide range of bacteria. These 9-bp IRs, termed CIRCE, are thought to form a stem-loop structure and function as negative cis elements in the heat shock regulation of downstream genes (40) . Evidence has been presented suggesting that CIRCE plays a dual role as both a regulatory element, providing for rapid transcript turnover under nonstressed conditions, and a promoter-proximal operator (37) . A CIRCE-dependent, negative regulator has been tentatively identified as hrcA in B. subtilis (28, 38) and Caulobacter crescentus (22) , respectively, and is transcribed with the genetic components of the dnaK, dnaJ, and grpE chaperone operon. The reported consensus sequence of the CIRCE elements (5Ј-TTAGCACTC-9N-GAGTGCTAA-3Ј) is generally present as a single copy near the groES and dnaK promoters. Two potential CIRCE elements, designated SL1 and SL2, were identified in the region immediately preceding the L. johnsonii groESL chaperone operon (Fig. 3) .
With the exception of the dnaK operon of L. lactis subsp. lactis (5) , where dual CIRCE elements flank the promoter for FIG. 5 . Northern blot analysis of Lactobacillus groESL mRNA isolated from cultures maintained under normal or heat shock conditions. Total RNA was isolated from log phase cultures maintained at 37 or 55°C, and 10-g volumes were separated by electrophoresis through multiple 1.5% agarose-formaldehyde gels and transferred to nylon membranes. Lane 0 contains RNA isolated prior to the temperature shift, lanes 10 to 60 contain RNA isolated at 10-min intervals after the temperature shift, and lane M contains RNA molecular weight markers (Gibco/BRL). (A) Representative agarose-formaldehyde gel which has been stained with ethidium bromide and photographed. (B and C) Northern blots were probed with either a 107-bp fragment specific for the groESL promoter region (B) or a 153-bp fragment specific for groES (C).
an hrcA homolog, and the groESL operon of L. helveticus (3), the published sequences of previously isolated CIRCE-based heat shock promoter regions display a single set of IRs. The presence of two CIRCE elements in L. johnsonii, one on either side of the primary promoter, would probably provide a stronger level of negative regulation than could be afforded by a single copy. Since groESL induction experiments are typically conducted at 10°C above the optimum growth temperature, the appearance of two CIRCE elements could explain the relatively high temperature (55°C) required for elevated expression of the groESL operon in L. johnsonii. Repression could be reduced if the effective concentration of the negative regulator, near the dual CIRCE elements, were decreased through degradative processes or simple titration. In either case, the probability of simultaneous binding at both CIRCE elements would be reduced and the likelihood of subsequent promoter activity would be increased. Alternatively, the impact of the two CIRCE elements on promoter inactivation may vary considerably, since the putative negative regulator may display different binding affinities for SL1 and SL2. It is interesting that the inverted repeats that form SL2, occur within a larger pair of inverted repeats (SL3), which could mask the upstream CIRCE element from regulatory control.
Northern blot analysis of total RNA confirmed the heat shock induction of the groESL operon and revealed differential transcript activity. Hybridization experiments with either groES-or groEL-specific probes revealed the presence of a 2.1-kb transcript at 37°C which is greatly induced following heat shock (Fig. 5C ). In addition to the 2.1-kb product, which is the expected size of the groESL transcript, heat shock clearly induced minor transcripts of 2.5 and 3.1 kb, suggesting that multiple promoters are active at 55°C. When the 5Ј region of the operon was used as a probe, a 0.5-kb transcript was detected in RNA isolated at 37°C (Fig. 5B) . The production of this transcript was greatly reduced following heat shock, and multiple transcripts of 3.1, 2.5, 0.8, and 0.7 kb appeared. Several interpretations of these data are possible. During growth under noninducing conditions (37°C), any transcripts initiating from promoters upstream from the groESL operon would probably terminate at or near the CIRCE elements, yielding fragments of 0.5 kb or less. Heat shock-induced release of a negative regulator could prevent premature termination and allow transcription to continue into the chaperone operon. This is consistent with the appearance of 2.5-and 3.1-kb transcripts following induction, which were longer than the expected full-length groESL transcript of 2.1 kb. Alternatively, transcription may initiate at multiple promoters within the 5Ј region: one on the noncoding strand under normal growth conditions (37°C) and running in the opposite orientation from that of groESL, and another on the coding strand under heat shock conditions (55°C).
Primer extension revealed the presence of three active promoters in the region preceding the Lactobacillus groESL operon. Primary groESL transcription activity was localized to nucleotide 579, which lies near the base of the putative CIRCE element designated SL1 (Fig. 2) . Since the Ϫ35 and Ϫ10 hexamers preceding this start site are positioned squarely between SL1 and SL2, the binding of a negative regulator to either CIRCE element would probably affect promoter activity. The dramatic increase in transcription activity that accompanied a shift from 37 to 55°C (Fig. 6B) would be expected if a regulatory protein released one or both CIRCE elements following heat shock, allowing RNA polymerase more effective access to the promoter. Heat shock revealed the presence of a second initiation site, 414 bases upstream from the primary one at position 165 (Fig. 6C) , which could generate the 2.5-kb transcript observed in Northern blots ( Fig. 5B and C) . Since activity at this site is triggered by heat stress, it may provide a mechanism for increasing the concentration of chaperone transcripts under extreme conditions. The presence of a heatsensitive divergent promoter in the region immediately preceding the groESL operon was confirmed when a third transcription initiation site was detected at nucleotide 436, on FIG. 6 . Determination of Lactobacillus groESL transcription start sites by primer extension. Total RNA was isolated from log-phase cultures held for 10 or 20 min at either 37 or 55°C. Volumes of RNA equivalent to 40 g were annealed with one of three primers (listed below), and extension reactions were carried out. The lengths of the extension products were estimated by comparing mobility in a 6.0% polyacrylamide gel. Lanes G, A, T, and C indicate the dideoxy termination lanes. Extension products were generated with RNA isolated from 37 and 55°C cultures incubated for 10 or 20 min. Divergent promoter activity was detected with primer AЈ (5Ј-CACTATACAATCCAAGAAAC-3Ј), which was designed complementary to the noncoding strand 5Ј to groES. Primary and secondary groESL activity were detected by using primers designed to anneal to the coding strand either 3Ј (BЈ) (5Ј-CGGCAATAATTT-CGCCCA-TTTGAG-3Ј) or 5Ј (CЈ) (5Ј-GGTGTAATTACTATTGTACAGAC-3Ј) to the start of groES.
FIG. 7.
Heat shock induction of stability to freezing in L. johnsonii. Cultures were held at either 37 or 55°C for 0, 15, 30, or 45 min before being frozen and stored at Ϫ20°C for 7 days. The percent survival was calculated from the ratio of CFU per milliliter determined in the 37 and 55°C pretreated cultures before and after freezing. Triplicate samples were taken at each time point and enumerated in duplicate before and after freezing. VOL. 65, 1999 CHAPERONE OPERON OF L. JOHNSONIIthe noncoding strand (Fig. 6A) . ORFS, which immediately followed this start site, contained both a potential ribosome binding site and a leucine zipper. Since some DNA binding proteins are known to contain leucine zipper regions (21a) and the transcription activity of the divergent promoter is heat labile, it is possible that ORFS performs some regulatory function in response to environmental signals such as heat shock. Alternatively, since they have a significant 5Ј homology, the divergent transcript could effect chaperone expression by the formation of a partial RNA duplex with any transcripts initiating from the secondary groESL promoter. Both possibilities are highly speculative since a similar divergent promoter has not been detected in other CIRCE-based regulatory regions. Heat shock induction of the groESL chaperone operon in L. johnsonii provided some cross-protection to freezing. While protection against other types of stress was not evaluated in this study, it is probable that increasing chaperone concentrations at opportune times can improve the general tolerance of lactobacilli to stresses encountered during production, concentration, storage, and distribution of fermentative or probiotic cultures. In this study, we found that stress protection correlated with the timing and level of expression of the chaperone operon. Determination of optimum conditions for RNA expression over a stress operon provides a means of evaluating and optimizing pretreatment conditions that are likely to provide stress protection, without the need for lengthy empirical determinations that attempt to catalog various pretreatments with culture survival or activity after stress.
This study has revealed that features of the groESL operon are shared between various lactic acid bacteria, notably other Lactobacillus species and Lactococcus lactis. The significant homology between DNA sequences, with similar regulatory elements and induction conditions, indicate that these systems may be widely conserved among the considerably diverse lactobacilli and lactic acid bacteria. In this regard, refined pretreatments that elevate the levels of molecular chaperones are likely to provide enhanced stress tolerance and culture fitness across the many important members of this functional and beneficial group of lactic acid bacteria.
